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Rabies virus-induced membrane fusion is triggered at low pH and is mediated by the trimeric viral glycoprotein (G). G
assumes three conformations: the native state (N) detected above pH 7; the activated state (A), which initiates the fusion
process; and the fusion-inactive conformation (I) observed after prolonged incubation at low pH. Differently from other viral
fusogenic glycoproteins, G in the I state recovers its native conformation when reincubated above pH 7. Here, we
demonstrate that there is a thermodynamic equilibrium between the different states of G between pH 6 and pH 7.5. The study
of this equilibrium at various pH values indicated that the conformational change toward I is induced by the protonation of
at least three residues per trimer. Finally, studies on the mechanism leading to low pH induced fusion inactivation indicated
that a large number of G molecules is required for stable hydrophobic interaction of the virus with the target membrane.glycopINTRODUCTION
Entry of enveloped viruses into host cells requires
fusion of the viral envelope with a cellular membrane
(White et al., 1983). This step is mediated by virally
encoded fusogenic glycoproteins. Activation of the fu-
sion capacity involves structural rearrangements of
these proteins induced by specific triggers (e.g., low pH
in the endosome or interaction with specific receptors at
the cell surface). These conformational changes result in
the exposure of a previously buried hydrophobic peptide
(Skehel et al., 1982; White and Wilson, 1987), which then
interacts with and destabilizes one or both of the partic-
ipating membranes (Durrer et al., 1995; Tsurudome et al.,
1992; Weber et al., 1994; Pak et al., 1997). In most cases,
triggering of the conformational change in the absence
of a target membrane leads to inactivation of the fusion
properties of the viral glycoprotein (for a review, see
Gaudin, 2000b).
Despite extensive work on many enveloped viruses,
the actual mechanism of the fusion process is still un-
known. However, an increasing number of experiments
now suggests that the fusion complex is made up of
several fusogenic proteins that act in a concerted man-
ner (Blumenthal et al., 1996; Danieli et al., 1996; Markovic
et al., 1998; Plonsky and Zimmerberg, 1996). This large
number of fusion proteins may help to overcome the
activation energy of the fusion process which is esti-
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128mated to be in the range of 40 kcal/mol (Clague et al.,
1990, Lee and Lentz, 1998). In most cases, the fusogenic
protein is synthesized in a metastable conformation and
it has also been proposed that the energy released
during the irreversible fusogenic structural transition is
used to achieve the energetically expensive membrane–
fusion reaction (Carr et al., 1997; Ruigrok et al., 1986).
However, there is at least one exception to this metasta-
bility rule: for rhabdoviruses, which have low pH-induced
fusogenic properties, the low pH-induced structural tran-
sition of the fusogenic glycoprotein (G) is reversible upon
reincubation of virus above pH 7 (Gaudin, 2000b).
The rabies virus glycoprotein (G) is organized in trim-
ers (three monomers of 65 kDa each) (Gaudin et al.,
1992; Whitt et al., 1991) and is involved in both receptor
recognition and fusion between the viral and the endo-
somal membranes. The fusion properties of rabies virus
have been investigated (Gaudin et al., 1993). Fusion is
optimal around pH 5.8–6 and is not detected above pH
6.3. Preincubation of the virus below pH 6.75 in the
absence of a target membrane leads to inhibition of viral
fusion. However, this inhibition is reversible and read-
justing the pH to above 7 leads to the complete recovery
of the initial fusion activity. This is the main difference
between rhabdoviruses and other viruses fusing at low
pH for which low pH-induced fusion inactivation is irre-
versible (Gaudin, 2000b).
G can assume at least three different conformational
states (Gaudin et al., 1993): the native state (N) detected
at the viral surface above pH 7; the activated (A) hydro-
phobic state, which interacts with the target membrane© 2002 Elsevier Science (USA)
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as a first step of the fusion process (Durrer et al., 1995;
Gaudin, 2000a); and the fusion-inactive (I) conformation.
The A state, which has an antigenicity and an EM mor-
phology very similar to the N state (Gaudin et al., 1993),
is detected immediately after acidification because it
induces the formation of viral aggregates stabilized at
low pH and low temperature. The I state is detected after
prolonged incubation at low pH. In this conformation, the
ectodomain of G is longer than in the N conformation and
is also antigenically distinct. Particularly, monoclonal an-
tibodies directed against native antigenic site II which is
located between positions 34 and 42 and positions 198
and 200 (Pre´haud et al., 1988) are unable to bind G in its
fusion-inactive conformation (I). The spikes of virions that
were previously incubated at low pH recovered their
native aspects after reincubation above pH 7. These
results are consistent with results obtained on vesicular
stomatitis virus, another rhabdovirus (Clague et al., 1990;
Doms et al., 1987; Pak et al., 1997; Puri et al., 1992). Thus,
differently from the fusogenic glycoproteins from other
viral families, the native conformation of G is not meta-
stable above pH 7 and the existence of a pH-dependent
equilibrium between the different conformations has
been demonstrated as long as the pH is kept above 6.4
(Gaudin et al., 1993, 1996; Raux et al., 1995). For example,
above pH 7, an antibody (29EC2) which recognizes ex-
clusively the I state at the viral surface is able to bind the
virion provided the incubation with the virus is long
enough (Gaudin et al., 1996; Raux et al., 1995). This
indicates that the transition from the native toward the
fusion-inactive state exists above pH 7 and that 29EC2,
by sequestering G in the fusion-inactive conformation, is
able to shift the equilibrium toward this conformation.
Above pH 6.4, after long incubations at 37°C, both the
fusion-inactive and the N/A conformations are visible in
EM (Gaudin et al., 1993). Thus, the equilibrium between
the different conformations of G exists above pH 6.4.
However, after long incubations below pH 6.4, most if not
all of the spikes are in the fusion-inactive state and, so
far, there has been no experimental evidence that, at
these pH values, the transition from the fusion-inactive
state toward the native/activated (N/A) state is possible.
In this article, we demonstrate that there is a thermo-
dynamic equilibrium between the different states of G
even below the pH threshold for fusion. We have then
determined the proportion of spikes in the fusion-inactive
conformation, when the equilibrium is reached at various
pH values between 6 and 7.5. Analysis of these results
indicates that the structural transition toward the fusion-
inactive state is induced by the protonation of at least
three residues and has allowed us to estimate the en-
ergy released by this conformational change at various
pHs. Finally, characterization of the fusion-inactivation
process indicates that a large number of G, between 13
and 19 trimers, is required for the first step of the fusion
process, i.e., stable hydrophobic interaction with the tar-
get membrane.
RESULTS
Reversibility of the glycoprotein inactivation at pH
6.25
G is known to undergo a structural transition from the
N state to the I state at acidic pH (Gaudin et al., 1993).
After reincubation of the virions above pH 7, the glyco-
protein recovers its native conformation. As mentioned in
the introduction, there is an equilibrium between the
different conformations of G above pH 6.4. However, so
far, there was no evidence that, below pH 6.4, the tran-
sition from the fusion-inactive state toward the N/A
states is possible.
To study whether G can shift from the I state to the N/A
states below pH 6.4, we used MAb 30AA5, an antibody
directed against antigenic site II, which specifically rec-
ognizes the N/A states (Gaudin et al., 1993) in an ELISA
test. This MAb was chosen because it has been dem-
onstrated that, at saturation, there was one MAb bound
per monomer of G at the viral surface (Flamand et al.,
1993). Thus, steric hindrance affecting the binding of the
MAbs could be excluded and the amount of MAbs which
are bound is expected to be equal to the number of
monomers in the N/A states. It was also necessary to
check that the conformational change was blocked un-
der the conditions of incubation with MAb 30AA5 in the
ELISA test. This was indeed the case: the conformational
change toward the I state was slowed down consider-
ably at pH 6.45 and 0°C (Fig. 1), in agreement with
previous results (Gaudin et al., 1993).
Figure 2A (bar 2) shows that when virions were incu-
bated for 24 h at pH 6.25, only 8% of the spikes were
recognized by 30AA5. Similar results were obtained after
FIG. 1. Kinetics of the conformational change at pH 6.45 and 0°C.
Virions, in ELISA plate wells, were incubated on ice for 1 h at pH 7.5 (1)
or for 45 min at pH 7.5 and then for 15 min in phosphate–citrate buffer
at pH 6.45 (2) or for 30 min at pH 7.5 and then for 30 min in phosphate–
citrate buffer at pH 6.45 (3) or for 15 min at pH 7.5 and then for 45 min
in phosphate–citrate buffer at pH 6.45 (4). The wells were then emptied
and the ELISA test was then achieved as described under Materials
and Methods. In each condition (1, 2, 3, or 4), the absorbance increase
at 405 nm in 10 different wells was averaged. The average obtained in
condition 1 was defined as 100%. Error bars indicate SD. xN, fraction of
spikes in their N/A conformations.
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any incubation at pH 6.25 longer than 3 h (data not
shown) indicating that, at this pH, the system did not
evolve after 3 h. This value of 8% was significantly dif-
ferent from zero and suggests that the N/A states have
some stability at pH 6.25. As expected, after reincubation
of the virions in 100 mM Tris–HCl pH 7.5, the spikes
recovered their native antigenicity (Fig. 2A, bar 3). Finally,
we directly investigated a possible transition from the
inactive toward the N/A states using the following de-
vice: after 8 h of incubation at pH 6.25, the virus was
further incubated at the same pH in the presence of MAb
30AA5 for 16 h (Fig. 2A, bar 4). The level of phosphatase
activity was 45% of that obtained when virions were kept
at pH 7.5. This indicated that the transition toward the
N/A states is indeed possible at pH 6.25 (a pH at which
lipid mixing is clearly detected, see Fig. 2B) and that MAb
30AA5, by sequestering the N/A conformations of G, was
able to shift the equilibrium toward the N/A states.
Studies on the conformational equilibrium between
N and I at various pHs
Using the same experimental approach (i.e., ELISA
test with saturating concentrations of MAb 30AA5), we
investigated the proportion of inactive spikes when the
equilibrium was reached (i.e., after 6 h of incubation at
37°C) at various pH values. The results of two indepen-
dent experiments are shown in Fig. 3A. As expected, the
fraction of inactive glycoprotein increases at low pH
[about 50% at pH 6.65 and 90% at pH 6.3, in good
agreement with previous estimates obtained in EM (Gau-
din et al., 1993)]. These data were analyzed using a Hill
plot and considering H as a ligand (Fig. 3B). For both
FIG. 3. Characterization of the thermodynamic equilibrium between
N/A and I. (A) Thermodynamic equilibrium between N/A and I at various
pH values. Virions in 96-well ELISA plates were incubated for 6 h at
37°C at pH values between 5.8 and 7.2. An ELISA test was then
performed with MAb 30AA5 as described under Materials and Meth-
ods. The graph shows two independent experiments. In each experi-
ment, the fraction of spikes in their N/A conformations, at a given pH,
was calculated by considering that the absorbance value at 405 nm,
obtained after a 6-h incubation at pH 7.2, corresponded to 100% native
spikes. xN, proportion of spikes in their N/A conformations. (B) Hill plots
of the thermodynamic equilibrium between N/A and I corresponding to
the experimental data presented in A. The slopes of the straight lines
are 2.91  0.1 (filled squares) and 2.80  0.1 (empty circles). The
apparent pKa (defined by the pH at which 50% of the spikes are in the
I state) are 6.60  0.01 (filled squares) and 6.64  0.01 (empty circles).
r2 was equal to 0.987 (filled squares) and 0.972 (empty circles). x I,
proportion of spikes in their fusion-inactive conformation.
FIG. 2. Reversibility of the structural transition toward the I state at
pH 6.25. (A) Virions, in ELISA plate wells, were incubated, at 37°C, for
24 h in 0.1 M Tris pH 7.5 (1) or for 24 h in phosphate–citrate buffer at pH
6.25 (2) or for 8 h in phosphate–citrate buffer at pH 6.25 and then 16 h
in 0.1 M Tris pH 7.5 (3) or for 8 h in phosphate–citrate buffer at pH 6.25
and then in the same buffer containing a saturating concentration of
MAb 30AA5 (4). The wells were then emptied and the ELISA test was
then achieved as described under Materials and Methods using the
same concentration of MAb 30AA5 as used in condition (4). For each
experiment, in each condition (1, 2, 3, or 4), the absorbance increase at
405 nm in 10 different wells was averaged. The value obtained in
condition 1 was defined as 100%. The graph shows the mean of three
experiments. Error bars indicate SD. xN, fraction of spikes in their N/A
conformations. (B) Fusion of rabies virus (CVS strain) with liposomes at
pH 6, 6.25, and 6.45. Experiments were performed at 23°C as described
under Materials and Methods.
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experiments, the points fall on a straight line with a slope
of about 3.
Residual fusion activity after preincubation of the
virions at various pH values
We have also measured the residual fusion activity at
pH 6 and 23°C when the virions were preincubated at
various pH values for 6 h at 37°C (and thus when the
equilibrium was reached) (Figs. 4A and 4B). Lipid mixing
activity remains intact after 6 h of incubation at pH 7 or
above. However, the decrease of residual activity as a
function of pH was very steep and when the virions were
preincubated below pH 6.70, no fusion activity was de-
tected anymore. At pH 6.70, less than half of the spikes
are in an inactivated state (Fig. 3A), suggesting the re-
quirement for several trimers in the formation of the
fusion complex.
We then determined at which step fusion was blocked
after low pH-induced inactivation. A potential inhibition of
rabies virus binding to liposomes was investigated. For
this, rabies virus, preincubated at various pHs for 6 h at
37°C, was incubated with liposomes containing tritiated
PC for 3 min at pH 6.45 and 0°C. Under these conditions,
which have been defined as prefusion conditions (Durrer
et al., 1995; Gaudin, 2000a, 1993), the native virions
interact in a hydrophobic manner with the target mem-
brane via their fusion peptides. The mixture was then
centrifuged through a 30% glycerol cushion above which
unbound liposomes were floating. The radioactivity as-
sociated with the virus in the pellet was assayed by
liquid scintillation counting. The results are presented in
Fig. 4C. They show that the preincubation of the virions
at low pH results in an inhibition of their ability to bind
liposomes in a stable manner. However, even after pro-
longed incubation at low pH, a residual binding activity
(about 5% of the initial activity) was observed, but this
residual binding activity does not lead to fusion (Fig. 4B).
The curve of the residual liposome-binding activity as
a function of the pH of preincubation was very similar to
the curve of the residual fusion activity (Fig. 4C, inset).
This indicated that the inactivation of the fusion proper-
ties was related to the viral inability to bind liposomes in
a hydrophobic manner. This suggests that a large num-
ber of viral glycoproteins (in their native or activated
states) is required for stable membrane binding.
Estimate of the size of the fusion site
The Hill equation gives us the percentage of spikes in
their N/A conformations at the equilibrium at any pH. We
assume (see Materials and Methods) that this was also
the proportion of native or activated spikes (xN) present
at the viral surface of any virus in solution, thus xN  1/(1
 10nHill(pKapH)). We tried to estimate the number (s) of
spikes involved in the formation of one fusion complex
and the number (p) of such complexes that a native virus
can form at its surface. As described under Materials
and Methods, the residual fusion activity should be equal
to [1  (1  xN
s)p]. The values of p and s were estimated
FIG. 4. Characterization of the low pH-induced fusion inactivation. (A)
Residual fusion activity after 6 h of incubation at 37°C at indicated pH.
About 50 g of viral proteins was incubated with 10 l of phosphate–
citrate buffer at the required pH for 6 h and the mixture was diluted in the
spectrofluorometer cuvette (final volume: 1 ml) containing phosphate–
citrate buffer at pH 6 with 10 g fluorescent liposomes at 23°C. (B)
Residual fusion activity (at pH 6 and 23°C) and (C) residual liposomes-
binding activity (at pH 6.45 and 0°C) after 6 h of preincubation at 37°C at
various pHs. The residual fusion activity (i.e., the fluorescence increase at
the end of the fusion reaction) was normalized to the initial fusion activity
of the virus (kept in TD at pH 7.4) in the absence of preincubation at low pH.
The residual -binding activity was measured as described under Materials
and Methods and normalized to the initial binding activity of the virus (kept
in TD at pH 7.4) in the absence of preincubation at low pH. Both graphs
show the mean of three experiments. Error bars indicate SD. The inset in
C compares residual fusion activity and residual liposome-binding activity.
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by fitting the experimental points (residual fusion activity)
of Fig. 3 to this equation for nHill equal to 2.8, 2.9, or 3 and
for pKa equal to 6.60, 6.63, or 6.66 (Fig. 5). In all of these
conditions, p was comprised between 11 and 18 and s
was comprised between 13 and 19 (r2  0.999) (Table 1).
At a given pKa, the values of nHill we used have little effect
on the fitted value of s.
We also tried to fit the data using the same equation by
fixing s at values below 10 or above 20. These fits were
less satisfactory (r2  0.99). Furthermore, in the second
case (s  20), the values of p were too large to be
realistic: s  p was much bigger than 450, which is the
number of spikes at the viral surface (Flamand et al.,
1993).
DISCUSSION
We have previously demonstrated that the spikes of
rabies virions that were previously incubated at low pH
and were thus in the fusion-inactive conformation recov-
ered their native aspect after reincubation above pH 7
(Gaudin et al., 1991, 1993). This indicated that, differently
from fusogenic glycoproteins from other viral families, the
native conformation is not metastable above pH 7. In this
article, we show that the transition from the inactivated
state (I) toward the N/A states can be observed at pH 6.25,
a pH at which fusion is clearly detected. We have thus
analyzed the pH-dependent equilibrium between the N/A
and the fusion-inactive conformations of G.
Analysis of the data using a Hill plot considering H as
a ligand has given a straight line with a slope of about
3. Interpretation of this result in the framework of a
three-state model (N, A, and I) is not so straightforward.
Nevertheless, the fact that a single slope is detected in
the range of pH considered (6.2 to 7) indicates that all
along the transition, the same two states are predomi-
nant. As in this range of pH and at this temperature
(37°C), the proportion of spikes in the A form is much
lower than the proportion of spikes in the N form (Gaudin
et al., 1993; Durrer et al., 1995); the two predominant
forms are most probably N and I. Thus, we can conclude
that there is at least three protons implicated in the
transition from N toward the I state (Dahlquist, 1978). As
G is a trimer, it is tempting (but not proven) to assume
that a single specific residue per monomer is implicated
in the transition. The pH at which 50% of the spikes are
in a fusion-inactive conformation is 6.65. This suggests
that the residues involved in the structural transition are
probably histidines. The cooperativity of the transition
indicates that the pKa of these residues is much lower in
the N state that in the I state. Interestingly, we have
previously demonstrated that a His-Pro dipeptide (in po-
sition 397–398) is conserved among all the rhabdovirus
glycoproteins (Gaudin et al., 1996; Shokralla et al., 1998).
Some natural mutants with mutations in position 392 and
396 were affected in the kinetics of their conformational
change toward the I state (Gaudin et al., 1996). Thus, it is
plausible that the protonation of the three histidines 397
of the trimer induces the structural transition.
Existence of an equilibrium between the different
states indicates that the amount of free energy released
by the structural transition toward the I state is very low.
The equilibrium curve (Fig. 3A) allows the calculation of
the free energy released by the transition at various pHs.
At pH 6.3 (threshold pH for fusion), the free energy
released is about 2.5 kT per trimer. This value is at least
20 times smaller than the estimated activation energy
barrier of the fusion reaction (Clague et al., 1990; Lee and
Lentz, 1998). This raises the question on the role of the
structural transition toward the fusion-inactive state dur-
ing the fusion process. We have previously shown that
mutants affected in the kinetics of their conformational
change toward the I state do not show any significant
TABLE 1
Determination of the Number (s) of Spikes Involved in the Forma-
tion of One Fusion Complex and the Number (p) of Such Complexes
That a Native Virus Can Form at Its Surface
pKa
nHill
2.8 2.9 3
6.6 s 18.3 s 18.5 s 18.7
p 14.8 p 13.2 p 11.6
6.63 s 15.6 s 15.7 s 15.7
p 16.2 p 14.0 p 12.3
6.66 s 13.4 s 13.4 s 13.4
p 17.3 p 15.1 p 13.2
Note. The values of p and s were estimated by fitting the experimen-
tal points (residual fusion activity) of Fig. 3 to the equation given under
Materials and Methods for nHill equal to 2.8, 2.9, or 3 and for apparent
pKa equal to 6.60, 6.63, or 6.66.
FIG. 5. Determination of the number of the number (s) of spikes
involved in the formation of one fusion complex and the number (p) of
such complexes that a native virus can form at its surface. s and p were
determined by fitting the data of Fig. 3B (residual fusion activity) using
the equation [1 (1 xN
s )p] with xN  1/(1 10
nHill(pKapH)) (see Materials
and Methods and Results). The curve on the graph is the best fit
obtained for nHill  2.9 and pKa  6.63 (s  15.7 and p  14).
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difference in their fusion properties (Gaudin et al., 1996).
This suggested that this structural transition is irrelevant
to the fusion process. However, it can also be presumed
that the presence of a target membrane in which fusion
peptides are inserted may modify the equilibrium, the
kinetics of the conformational change, and even the final
conformation of the proteins directly involved in the fu-
sion process. Thus, neither a direct role of the structural
transition toward the I state in the fusion process nor the
existence of another conformational change, that has not
been identified and would occur when G interacts with
the target membrane, can be excluded.
Analysis of the inactivation process reveals that it is
related to the inability of the virions to bind to liposomes
in a stable hydrophobic manner. It also indicates that
when equilibrium is reached, the residual fusion activity
shows a very steep transition as a function of pH, much
steeper than the structural transition from the native
toward the I state. This result is in agreement with the
notion of the involvement of several trimers of glycopro-
teins in the fusion process. Indeed, our estimation of the
number of glycoproteins involved in the formation of the
fusion site indicates that it is made up of 13 to 19 trimers.
In this case, a cooperative transition of such a number of
glycoproteins toward the fusion-inactive state could re-
lease enough energy to overcome the fusion-activation
energy barrier. Such a level of cooperativity would ex-
clude the formation by chance of a local amorphous
aggregate but rather would indicate the assembly of an
organized and well-regulated machinery, the formation of
which is necessary for stable hydrophobic interaction
with the target membrane. Indeed, among the rabies
virus mutants affected in the kinetics of their low pH-
induced conformational change, two of them presented
an unexpected phenotype. Under prefusion conditions
(pH 6.6 and 0°C) and in the absence of a target mem-
brane, both mutants showed a local hexagonal lattice of
G at their surface. Each angle of a hexagon was made up
by a trimer of G (Gaudin et al., 1996). Our results suggest
that a hexagon (six trimers) is not sufficient to constitute
a functional fusion complex but various organizations of
three or four hexagons could account for the estimated
number of trimers constituting the fusion complex.
Rabies virus glycoprotein differs in many aspects from
class I fusogenic glycoproteins that are activated by a
proteolytic cleavage and that form stable coiled coils
after their irreversible conformational changes (Skehel
and Wiley, 1998). It differs also from class II fusion pro-
teins among which are the E1 protein of Semliki Forest
virus and the E protein of tick-borne encephalitis virus
(Lescar et al., 2001; Rey et al., 1995). However, our results
indicate that the supramolecular assemblies involved in
the fusion process share many properties. In any case, a
large number of fusogenic glycoproteins is involved in
the fusion process (Blumenthal et al., 1996; Danieli et al.,
1996; Markovic et al., 1998; Plonsky and Zimmerberg,
1996). A ring-like organization of these proteins sur-
rounding a stalk, a local hemifusion diaphragm, or an
initial fusion pore may explain the restriction of lipid
diffusion observed in many systems (Chernomordik et
al., 1998; Gaudin, 2000a; Leikina and Chernomordik,
2000, Markosyan et al., 2000). For flavi- and -viruses, it
has also been proposed that low pH exposure, in the
presence of a target membrane, of the icosahedral or-
ganization of the dimeric fusogenic glycoproteins results
in arrangements of five or six trimers surrounding an
initial fusion pore (Lescar et al., 2001). The fact that, in the
case of rabies virus, three or four hexagons of the lattice
could constitute the fusion complex is also in agreement
with the results of Kanaseki and colleagues (1997) on
influenza virus-induced fusion who, using quick-freezing
electron microscopy, have observed local microcontacts
between liposomal and viral membranes which were
organized in regular polygonal arrangements. Each of
these local membrane contacts could be located at the
center of a ring of HA, the centers of the rings being the
vertices of a regular polygon. However, for rabies virus,
the hexagonal lattice observed under prefusion condi-
tions (pH 6.5 and 0°C) can form in the absence of a
target membrane (Gaudin et al., 1996) and its formation
is probably required for stable membrane interaction.
MATERIALS AND METHODS
Chemicals
N-(Lissamine rhodamine-B-sulfonyl)-phosphatidyleth-
anolamine (RHO-PE) and N-(7-nitro-2,1,3-benzoxadiazol-4-
yl)-phosphatidylethanolamine (NBD-PE) were purchased
from Avanti Polar Lipids, Inc. Phosphatidylcholine (PC) (type
XVI-E from egg yolk), phosphatidylethanolamine (PE) (type
III from egg yolk), and gangliosides (type III from bovine
brain) were supplied by Sigma Chemical Co., and L-3-
phosphatidyl-[N-methyl-3H]choline-1,2-dipalmitoyl ([3H]PC)
was supplied by Amersham.
Antibodies
Alkaline phosphatase conjugated AffiniPure goat anti-
mouse IgGIgM was supplied by Jackson Immuno-
Research. Phosphatase substrate was supplied by
Sigma Diagnostics. MAb 30AA5 has been described
previously (Flamand et al., 1993; Gaudin et al., 1993). It
was used as mouse ascite preparations.
Virus purification
The CVS strain of rabies virus was grown in BSR cells
at 37°C in MEM supplemented with 2% calf serum. Virus
particles were purified from the culture supernatant 72 h
postinfection. Cell debris was first eliminated by a 30-min
centrifugation at 3500 rpm in a JA14 rotor (Beckman) at
4°C. The virus was then pelleted by centrifugation at 4°C
(3 h at 14,000 rpm in a JA14) and resuspended in TD
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buffer (137 mM NaCl, 5mM KCl, 0.7 mM Na2HPO4, 25 mM
Tris–HCl pH 7.5). Viral purification was achieved by an-
other centrifugation of 50 min through 30% glycerol in 10
mM Tris–HCl pH 7.5, 50 mM NaCl, 1 mM EDTA at 25,000
rpm in a SW 28 (Beckman) at 4°C.
Buffers and pH adjustment
The buffers we used to adjust the pH were phosphate-
citrate buffers prepared from a 0.1 M solution of citric acid
and 0.2 M dibasic sodium phosphate stock solutions. Viral
dilutions in these buffers do not modify the pH.
ELISA test
A 96-well plate was coated by a suspension of virus
(about 50 ng of viral proteins per well) and then saturated
by fat-free milk [10% w/w in PBS (137 mM NaCl, 7.5 mM
Na2HPO4, 2.5 mM KH2PO4, pH 7.4)] for 45 min. Depend-
ing on the experiment, virions were then incubated for
different lengths of time at various temperatures under
various pH conditions (detailed experimental procedures
are given in the figure legends). Virions were then incu-
bated with saturating concentrations of MAb 30AA5 dis-
solved in phosphate–citrate buffer at pH 6.45 for 30 min
at 0°C. It was not possible to incubate the virus at neutral
pH because such an incubation would have immediately
led to recovery of native antigenicity. These incubation
conditions were chosen because, as already demon-
strated (Gaudin et al., 1993), the kinetics of the confor-
mational changes of G were considerably slowed down
at pH 6.45 and 0°C (Fig. 1). The plate was then washed
with phosphate–citrate buffer at pH 6.45, and the viruses
were incubated for 45 min at RT with alkaline phospha-
tase coupled anti-mouse IgG in PBS. The quantity of
fixed alkaline phosphatase was determined by measur-
ing the absorbance increase at 405 nm in the presence
of phosphatase substrate.
Preparation of liposomes
A total of 700 g PC, 300 g PE, and 100 g ganglio-
sides dissolved in organic solvents was mixed either
with 10 g RHO-PE and 10 g NBD-PE (for fusion exper-
iments) or with 40 Ci [3H] PC (for binding experiments)
and dried in vacuo. The lipid film was resuspended in 1
ml of buffer (150 mM NaCl, 5 mM Tris–HCl pH 8) and the
mixture was bath sonicated for 20 min.
Lipid mixing assay
Lipid mixing was assayed at 23°C by using the reso-
nance energy transfer method of Struck et al. (1981). Ten
microliters of fluorescent liposomes was mixed with 980
l phosphate–citrate buffer at the required pH in the
cuvette of a thermostated Perkin–Elmer LS50B spec-
trofluorometer. Then, 10 l virus (about 50 g viral pro-
teins) was added and the increase of NBD fluorescence
was monitored continuously. In this range of viral con-
centrations, the increase of NBD fluorescence was pro-
portional to the viral concentration and thus to the num-
ber of fusion events. Excitation was at 455 nm (slitwidth,
4 nm) and emission was at 535 nm (slitwidth, 10 nm). The
mixture was kept under continuous stirring during the
experiments.
For studies on low pH-induced fusion inactivation, 10
l virus was incubated with 10 l phosphate–citrate
buffer at the required pH for 6 h at 37°C and the mixture
was diluted in the spectrofluorometer cuvette in 980 l of
phosphate–citrate buffer at pH 6 containing 10 g fluo-
rescent liposomes.
Liposome binding to virus
For binding experiments, 20 l virus (about 100 g
viral proteins) was previously incubated with 20 l phos-
phate–citrate buffer at the required pH for 6 h at 37°C. An
amount of 36 l of this mixture was mixed with 18 l
tritiated liposomes and 54 l phosphate–citrate buffer to
equilibrate the pH at 6.45. The mixture was incubated for
3 min on ice, layered onto a cold 30% glycerol solution in
phosphate-citrate buffer pH 6.45, and then centrifuged
for 30 min at 40,000 rpm in a SW55 rotor (Beckman). The
amount of liposomes associated with virus in the pellet
was determined by liquid scintillation counting.
Determination of the number of trimers of G involved
in the fusion process
Let xN be the proportion of spikes in the N/A confor-
mations in the total population. We assume that xN is
also the proportion of spikes in the N/A conformation
present at the viral surface of any virus. This a reason-
able assumption because the number of spikes per viri-
ons is large (about 450) (Flamand et al., 1993). The use of
a Poisson distribution of activated spikes, although prob-
ably more correct, leads to much more complex calcu-
lation, but gives quantitatively similar results (not shown).
Let s be the number of trimers making up a fusion
complex and p be the number of fusion complexes that
can be formed at the surface of a viral particle. Assuming
that only spikes in the N/A conformations can form a
functional fusion complex, the probability that a given
fusion complex is functional is xN
s . A given virion is still
able to fuse as long as one fusion complex can be
formed at its surface. The probability that all the potential
fusion complexes are not functional is (1 xN
s )p and thus,
the probability that a virion is still able to fuse is 1 (1
xN
s )p. As in fusion experiments, we used a large number
of viral particles; the residual number of fusion events in
the whole viral population (normalized to the number of
fusion events observed when xN  1, i.e., when all the
spikes are native) is also equal to 1  (1  xN
s )p. The
experimental data were fitted using this equation with
the Fig.P software from BIOSOFT.
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